of X-linked single nucleotide polymorphisms with the disease of interest and the proposed method is a practical solution.
also described a variety of XCI processes, such as nonrandom XCI and escape from XCI. The former implies that inactivation can be nonrandomly selected between 2 Xlinked genes, and the latter implies that XCI is not observed in some X-linked genes [3] [4] [5] [6] [7] [8] [9] [10] [11] . This complex biological process has prevented efficient statistical association analyses, and it may partially explain the relatively small finding of significantly associated X-linked variants.
Multiple approaches were proposed for analysis of Xlinked variants. Clayton [12] suggested 2 χ 2 tests with 1 and 2 degrees of freedom (dfs) tests. The χ 2 test with 1 df is used in a 2 × 2 table when the allele frequency in males and females can be assumed to be equal, and the χ 2 test with 2 dfs is the same as a conventional χ 2 test for association in the 3 × 2 contingency table. He assumed that the effect of males' homogeneous genotypes on phenotypes is equivalent to that of females' homozygous genotypes and thus coded females' genotypes as 0, 1, or 2, and males' genotypes as 0 or 2 [12] . However, even though this method is expected to be the most powerful when the underlying biological model is random XCI, it can lead to substantial power loss if the underlying biological models are nonrandom XCI or escaped XCI [13] .
The highest statistical power can be achieved if the coding strategies reveal the expected differences [14] , and Wang et al. [13] suggested a new statistical approach for various XCI processes, such as random XCI, nonrandom XCI, or escaped XCI. They used 0 or 1(2) for males' genotypes, and 0, d , or 2 for females' genotypes. Here, d is for heterogeneous genotypes in females and can be chosen between 0 and 2 depending on the XCI process. d should be lower than 1 for a nonrandom XCI toward the normal allele, and higher than 1 if a nonrandom XCI toward the deleterious allele is expected. Genotype coding of males depends on females' genotype. For random XCI or nonrandom XCI, males' genotypes are coded by 0 or 2, and for escaped XCI, males' genotypes are coded by 0 or 1. However, the mode of XCI is often unknown, and thus the most efficient choice of d is unclear. Wang et al. [13] suggested the minimum p value method among Wald statistics for logistic regression with various choices of d and conducted permutations for statistical inference. However, their approach is computationally very intensive and genome-wide search is time-consuming at the genome-wide significance level.
In this report, we extended the Cochran-Armitage test by Clayton [12] to handle the various modes of XCI. The proposed method computes the asymptotic distributionbased p values, and computational efficiency enables its application at the genome-wide level. We conducted extensive simulation studies and found that our proposed methods preserved reasonable statistical power for all XCI models even though it is not always best. Especially when the mode of XCI process occurs toward the normal allele, it always performs better than existing methods, and their gaps become bigger if samples with females larger than males are analyzed. Furthermore, statistical powers of the proposed methods are robust to various modes of XCI. The proposed methods were applied to type 2 diabetes (T2D) data, and identification of some promising single nucleotide polymorphisms (SNPs) revealed its practical value.
Methods

Notations and Disease Model
We assumed that there are N m males and N f females, with N = N m + N f . In this report, we considered only X-linked variants, and disease and normal alleles were assumed to be A and a , respectively. We denoted allele frequencies of females by q A and q a in the population. Allele frequencies of affected and unaffected female subjects were defined as q a a / q A a and q a u / q A u , respectively. The observed genotypes of females were designated aa , Aa , or AA , and in the population, the genotype frequencies of females were defined as p aa , p Aa [14] , and we considered the different scores for genotypes depending on the mode of XCI. Our coding strategy was inspired by Wang et al. [13] but while their approach is based on permutation for logistic regression which is computationally very intensive, we consider asymptotic distribution-based inference for the Cochran-Armitage trend test. We assumed that males' genotypes are coded by m a and m A , and females' genotypes are by f aa , f Aa , and f AA . For escaped XCI, 0 and 1 were assigned to m a and m A , respectively, and otherwise we use 0 and 2 for m a and m A , respectively. We proposed that f aa = 0, f Aa 
(1 )
Variances are functions of genotype frequencies, and under H 0 , genotype frequencies in females can be estimated by 
Based on these results, p values for T l can be combined with a modified Fisher combining p value methods [15] . If p l is the p value of T l , we assume that
Brown [15] 
can be estimated by using the estimated c and f , and will be denoted by P FIS therein.
Alternatively, the minimum p value can be used as a robust test statistic. If we set T max = max (| T 1 |, …, | T L |) and its realization by t max , the minimum p value of the test statistic can be obtained by
T 1 , …, T L are not independent, and their correlations were incorporated to their multivariate normal distribution. Then it was used to calculate P{|
Finally, for both P MIN and P FIS , we found that the proposed methods usually have good performance when L = 6, and our choices for ( m a l , m A l , f l aa , f l Aa , and f l A A ) are shown in Table 2 .
Simulation Studies
In our simulations, we assumed that there were 1,000 cases and 1,000 controls, and the number of males (females) in cases and controls were assumed to be the same. N m : N f were assumed to be 1: 1, 1: 2, and 2: 1. Disease allele frequencies for (males, females) were assumed to be (0.2, 0.2), (0.3, 0.2), or (0.2, 0.3), and genotypes were generated under the HWE. It is known that levels of skewness of XCI can be locus-dependent and/or subject-dependent. Thus, we considered both scenarios in our simulations [7, 17, 19] . First, we assumed the same mode of XCI for all subjects at the considered X-linked variants and, second, the mode of XCI for each subject was randomly chosen from XCI E , XCI 1 , XCI 0.2 , or XCI 1.8 with the same probability. Disease status for each individual was determined by the liability threshold model. If we denote the liability score and the coded genotype of subject i by y i and X i , respectively, y i can be defined by summing the main generic effect, X i β , and random error, ε i , as follows:
β 0 was assumed to be 0. σ 2 indicates variances for random errors, and it was assumed to be 2. If we set 54 were generated, they were transformed to disease status; subjects became affected if their liability scores were higher than a set threshold; otherwise, they were considered as unaffected. Prevalence was assumed to be 0.2, and threshold becomes 1.2362 if p A = 0.2 and 0.8010 if p A = 0.3.
Korea Associated Resource Cohort Data
We apply the proposed methods to a case-control association study of T2D with X-linked variants from Korea Associated Resource (KARE) cohorts that were recruited from South Korea. The KARE cohort was collected to construct an indicator of disease with genetic influences in an attempt to predict the occurrence of various diseases. There were 8,842 participants consisting of 4,183 males and 4,659 females, and they were recruited from Ansung and Ansan in the Gyeonggi Province of South Korea. Participants were between 40 and 69 years old. The 8,842 subjects were genotyped with the Affymetrix Genome-Wide Human SNP Array 5.0. We excluded SNPs with more than 5% missing genotype calls, very low minor allele frequencies lower than 0.05, and HWE p values were lower than 1.0 × 10 -5 prior to analysis. As a result, 6,255 X-chromosome SNP markers passed the quality control filter, and they were used for genetic association analyses. Subjects with more than 5% missing genotype calls and incorrect sex information were excluded from the analyses.
Fasting plasma glucose and postprandial 2-h plasma glucose were used to diagnose T2D and measured every 2 years from 2001 to 2012. We used the definition of the American Diabetes Association to diagnose T2D (fasting plasma glucose ≥ 126 mg/dL; postprandial 2-h plasma glucose ≥ 200 mg/dL after a 75-g OGTT; and HbA1c ≥ 6.5%). During the follow-up period, 1,179 participants developed incident T2D and were classified as cases, i.e., 603 males and 576 females. Three controls for each case were matched based on age, sex, and the first 2 principal component scores were estimated with EIGENSTRAT [18] . Therefore, the proposed methods were applied to 603 male and 576 female T2D cases, and 1,809 male and 1,728 female controls for association analyses, and the remaining population substructure was adjusted by dividing each statistic by the genomic inflation factor.
Results
Method Evaluation with Simulated Data
To assess the performance of the proposed methods, we examined type 1 error rates and statistical powers under the 4 different modes of XCI. AA is coded as 2, the level of misspecification of XCI process is related with the choice of m A l and f l Aa . Thus, the relative performance of methods can be affected by the proportion of males, and we considered various ratios between numbers of males and females ( N m : N f = 1: 1, 1: 2, or 2: 1). Proportions of males in cases and controls were assumed to be the same. Clayton's [12] approach, the statistic implemented in PLINK [19] , and the approach by Wang et al. [13] are denoted by X CLAYTON , X PLINK , and X WANG , respectively. Permutation-based p values for X WANG were obtained from 2,000 iterations.
We first evaluated statistical validity of the proposed methods with empirical type 1 error rates. Empirical type 1 error rates were estimated with 2,000 replicates. Table 3 shows that all methods preserve the 0.1, 0.05, and 0.01 nominal significance levels. Figure 1 also revealed that there was no inflation of the association analysis results. Second, statistical powers were evaluated with 2,000 replicates at the 0.05 significance level. Tables 4 -6 show statistical power estimates for various modes of XCI. Table 4 shows results when the ratios of males and females are the same. Under XCI E , an average of estimated powers of X PLINK is 0.8, 2.0, 1.3, and 12.5% larger than those of P FIS , P MIN , X CLAYTON , and X WANG , respectively. X PLINK assumes the escaped XCI, which explains the best performance of XCI E . However, it is usually the least efficient for the other modes of XCI. The largest difference with the most efficient method was found for the XCI 0.2 , which indicates the nonrandom XCI toward the normal allele. Under XCI 0.2 , an average of estimated powers of P MIN is the largest, and it is 2.6, 2.7, 10.2, and 13.9% larger than those of X CLAYTON , P FIS , X WANG , and X PLINK , respectively. Under XCI 1 , an average of estimated powers of X CLAYTON is 0.3, 1.5, 5.5, and 9.7% larger than those of P FIS , P MIN , X PLINK , and X WANG , respectively.
Aa , and f l AA ) for the XCI 1 , which explains its most efficiency. Under XCI 1.8 , an average of estimated powers of P FIS is the largest, and it is 0.2, 1.1, 2.0, and 8.3% larger than those of X CLAYTON , P MIN , X PLINK , and X WANG , respectively. Table 5 shows results for scenario where N m : N f = 1: 2. Compared to the case where the numbers of males and females are the same, all statistics were more sensitive to modes of XCI. Furthermore, averages of statistical powers for all statistics are larger, which reveals that genetic association analyses of X-linked variants are less powerful than those of autosomal variants. Under XCI E , an average of estimated powers of X CLAYTON is 0.1, 1.0, 1.2, and 10.4% larger than those of P FIS , X PLINK , P MIN , and X WANG , respectively. Under XCI 0.2 , an average of estimated powers of P MIN is 3.5, 6.6, 7.9, and 17.6% larger than those of X WANG , P FIS , X CLAYTON , and X PLINK , respectively. Under XCI 1 , an average of estimated powers of X CLAYTON is the largest and it is 0.7, 1.2, 5.1, and 8.6% larger than those of P FIS , P MIN , X WANG , and X PLINK , respectively. Under XCI 1.8 , an average of estimated powers of X CLAYTON is 1.6, 2.2, 5.4, and 5.8% larger than those of P FIS , P MIN , X WANG , and X PLINK , respectively. In Table 6 , the number of males was assumed to be larger than that of females ( N m : N f = 2: 1). All statistics were not sensitive to modes of XCI processes as compared with the cases in which the number of females was larger than that of males. However, they were more We considered different disease allele frequencies for males and females. Empirical powers were estimated with 2,000 replicates at the 0.05 significance level. sensitive, compared to the cases where the numbers of males and females were similar. Under XCI E , an average of estimated powers of X PLINK is 2.7, 3.4, 4.5, and 11.1% larger than those of P MIN , P FIS , X CLAYTON , and X WANG , respectively. Under XCI 0.2 , an average of estimated powers of P FIS is 0.2, 0.4, 2.3, and 12.2% larger than those of X CLAYTON , P MIN , X PLINK , and X WANG , respectively. Under XCI 1 , an average of estimated powers of X PLINK is the largest and it is 0.5, 0.7, 0.7, and 10.9% larger than those of P FIS , P MIN , X CLAYTON , and X WANG , respectively. Under XCI 1.8 , an average of estimated powers of X PLINK is 1.8, 2.4, 3.2, and 9.0% larger than those of P MIN , P FIS , X CLAYTON , and X WANG , respectively. The tables in the Appendix show statistical power estimates when d = 0.1, 0.4, 1.1, and 1.9, and N m : N f = 1: 1, 1: 2, and 1: 1. General patterns are very similar as shown in Tables 4 -6 . Table 7 shows the statistical powers when modes of XCI are different among subjects. The mode of XCI process for each subject was randomly selected from XCI E , XCI 0.2 , XCI 1 , and XCI 1.8 , and statistical powers were esti- Table 7 . Empirical power estimates when mode of XCI process for each subject is randomly selected Mode of XCI process for each subject was randomly selected from XCI E , XCI 0.2 , XCI 1 , and XCI 1.8 , and statistical powers were estimated with 2,000 replicates at the 0.05 significance level. mated with 2,000 replicates at the 0.05 significance level. It will be denoted as XCI MIXED in the remainder of this report. When numbers of males and females are the same, an average of estimated powers of P FIS is 0.1, 1.3, 4.3, and 18.7% larger than those of X CLAYTON , P MIN , X PLINK , and X WANG , respectively. When females are larger than males ( N m : N f = 1: 2), the estimated powers of P MIN are the largest, and they are followed by X CLAYTON , and P FIS . X WANG and X PLINK are the least efficient. An average of estimated powers of P MIN is 5.0, 7.4, 13.3, and 17.9% larger than those of X CLAYTON , P FIS , X PLINK , and X WANG , respectively. When the number of males is larger than that of females ( N m : N f = 2: 1), P FIS is usually the most efficient, and it is followed by X PLINK and X CLAYTON . An average of estimated powers of P FIS is the largest and it is 1.0, 2.0, 7.2, and 22.2% larger than those of X PLINK , X CLAYTON , P MIN , and X WANG , respectively. The overall results from Tables 4 to  7 are summarized in Table 8 .
In summary, we can conclude that P MIN would be a reasonable choice for case-control association studies of X-linked variants with the nonrandom XCI toward the normal allele or if females are larger than males. P FIS performs well if males are larger and XCI processes vary by subjects. Furthermore, P MIN and P FIS are usually less sensitive to the modes of XCI.
Application to KARE Cohort Data
We applied the proposed methods to the identification of X-chromosome-wide significant SNPs from KARE cohort study samples. Multiple testing problems were adjusted with a Bonferroni correction, and the Bonferroniadjusted 0.05 significance level was 8.0 × 10 -6
. Quantilequantile plots in Figure 2 revealed that there is no inflation of association analyses. There was no X-chromosomewide significant SNP, and it may be partially attributable to the insufficient sample size. Interestingly, X CLAYTON and P MIN have very similar p values and it may be attributable to the similar numbers of males and females. The 10 most significant results are summarized in Table 9 . These results suggest evidence for the association of Xlinked variants with T2D. The most significant SNPs were rs11796450 and rs4898336, with p values lower than 1.0 × 10 -4 . We also analyzed males and females separately. If males and females are separately analyzed, the sensitivity of statistics to modes of XCI becomes much smaller and we used the Cochran-Armitage trend test. Such stratified analyses are statistically powerful to detect the complicated interactions between sex and X-linked SNPs. p values for males and females are usually similar except for rs11796450, rs4898336, and rs5944901. Among the top 10 variants, rs11796450, rs5944902, rs5944901, rs4911827, rs17139421, and rs16978802 are located in the intergenic region on the X chromosome. rs4898336 and rs5986849 are located in a region that is upstream of the transcription elongation factor A like 6 ( TCEAL6 ) and downstream of brain expressed X-linked 5 ( BEX5 ), and rs2105854 is downstream of transcription elongation factor A like 2/6 ( TCEAL2/TCEAL6 ). rs5971017 is located in Averages of estimated powers for all simulation settings were calculated. an intron of the Patched Domain Containing 1 ( PTCHD1 ) gene locus on Xp22.11. It has been known that deletions in the 5 ′ flanking region of PTCHD1 disrupted a complex noncoding RNA and potential regulatory elements. According to these results, P FIS tends to have the most significant results, and it is followed by P CLAYTON . Therefore, we can conclude that the proposed methods may be a reasonable choice for real data analyses.
Discussion
The biological process of X-linked variants is complex, and it may partially explain the relatively small number of X-linked disease susceptibility loci found with genome-wide association studies [3] [4] [5] [6] [7] [8] [9] [10] [11] . If the mode of XCI is known, such knowledge can be used to
Aa , and f l AA ). For instance, trimethyllysine hydroxylase epsilon is known to have a random XCI [7, 17] . However, modes of XCI process are usually unknown, and since there are several types of XCI in females such as random XCI, skewed XCI, and escaped XCI, how to consider such complex XCI processes in the analysis is not straightforward. Several methods for analysis of X-linked genes that consider the various XCI processes have been proposed. Although statistical methods that are suited for each process have been studied, it is very difficult to determine the most efficient statistical methods because the actual biological process is not known a priori. To overcome this drawback of the previous approach, we propose here a new association test that can account for various plausible biological models. The previously studied methods also have good control of the type 1 error, but the power is inferior to the proposed methods. Our simulation results show that our proposed methods are generally efficient and are not sensitive to the unknown biological model. Even though the true biological process for X-linked gene expression is often unknown, our extensive simulation studies revealed that the proposed approaches are usually efficient, and in particular, the power improvement is substantial with nonrandom XCI toward the normal allele and larger number of females than males. Furthermore, our proposed method is computationally very fast, and our genome-wide association analyses for T2D was completed within 243.31 CPU times with an Intel Xeon Processor E5-2620v2 ((6-core, 15 M Cache, 2.1 GHz, 7.2 GT/s, 80 W) × 2 ea). R-code for the proposed method can be freely downloaded from http://healthstat.snu.ac.kr/software/. Therefore, we can conclude that the proposed approaches are robust against the various XCI processes for testing the association of X- linked SNPs with the disease of interest, and the proposed method is a practical solution. However, in spite of the robustness of the proposed methods, there are some limitations. First, our proposed methods assume that all subject genotypes are independent. For association analyses, family-based samples are robust against the population substructures, and they are often utilized for candidate gene studies. Furthermore, subjects in the population-based samples can be correlated if there is population substructure and heritabilities are substantial. The proposed method can be simply extended to handle such family-based samples, in which the genetic correlation matrix is known as kinship coefficient matrix and can be simply calculated for X-linked variants, and to the quasi-likelihood score test [20] . Second, the proposed methods cannot adjust the effect of covariates. In genetic association analyses, age and gender are usually included as covariates. If effects of age and gender on disease status do not need to be adjusted, the proposed method may be useful in such scenarios. Third recent investigations showed that the amount of skewness of XCI can be affected by age [3, 5-7, 11, 21] . Furthermore, multiple X-linked variants which are in the same gene may have the same XCI process and it is better to apply the same XCI process to them. However, the proposed methods cannot be utilized in such scenarios and further extension which can handle heterogeneous modes of XCI by age and multiple SNPs are necessary. Last, if we can estimate the possible underlying mode of XCI, such information improves our understanding about diseases. P MIN can provide some evidence about the underlying XCI process but any statistical inferences are not possible. In such a case, the Random Forest method [22] can be utilized. We are currently working on these issues and it will be further investigated with our future researches. Over the last decades, improvement in the genotyping/ sequencing technology enabled genetic association analyses with tens of thousands of samples. However, even though X-linked genes are involved in many biological mechanisms of complex human diseases, significant results in the identification of X-linked variants have been rather limited. The novel finding of X-linked variants may be attributable to the lack of efficient statistical methods. Our report illustrates the importance of understanding these biological phenomena, and better understanding may be a key component for resolving the so-called missing heritability. We considered different disease allele frequencies for males and females. Empirical powers were estimated with 2,000 replicates at the 0.05 significance level. We considered different disease allele frequencies for males and females. Empirical powers were estimated with 2,000 replicates at the 0.05 significance level. We considered different disease allele frequencies for males and females. Empirical powers were estimated with 2,000 replicates at the 0.05 significance level.
